Addition of 1 mM ATP substantially reduces the light scattering of solutions of polymerized unphosphorylated nonmuscle myosin IIs (NM2s), and this is reversed by phosphorylation of the regulatory light chain (RLC). It has been proposed that these changes result from substantial depolymerization of unphosphorylated NM2 filaments to monomers upon addition of ATP, and filament repolymerization upon RLC-phosphorylation. We now show that the differences in myosin monomer concentration of RLC-unphosphorylated and -phosphorylated recombinant mammalian NM2A, NM2B, and NM2C polymerized in the presence of ATP are much too small to explain their substantial differences in light scattering. Rather, we find that the decrease in light scattering upon addition of ATP to polymerized unphosphorylated NM2s correlates with the formation of dimers, tetramers, and hexamers, in addition to monomers, an increase in length, and decrease in width of the bare zones of RLC-unphosphorylated filaments. Both effects of ATP addition are reversed by phosphorylation of the RLC. Our data also suggest that, contrary to previous models, assembly of RLCphosphorylated NM2s at physiological ionic strength proceeds from folded monomers to folded antiparallel dimers, tetramers, and hexamers that unfold and polymerize into antiparallel filaments. This model could explain the dynamic relocalization of NM2 filaments in vivo by dephosphorylation of RLC-phosphorylated filaments, disassembly of the dephosphorylated filaments to folded monomers, dimers, and small oligomers, followed by diffusion of these species, and reassembly of filaments at the new location following rephosphorylation of the RLC.
Addition of 1 mM ATP substantially reduces the light scattering of solutions of polymerized unphosphorylated nonmuscle myosin IIs (NM2s), and this is reversed by phosphorylation of the regulatory light chain (RLC). It has been proposed that these changes result from substantial depolymerization of unphosphorylated NM2 filaments to monomers upon addition of ATP, and filament repolymerization upon RLC-phosphorylation. We now show that the differences in myosin monomer concentration of RLC-unphosphorylated and -phosphorylated recombinant mammalian NM2A, NM2B, and NM2C polymerized in the presence of ATP are much too small to explain their substantial differences in light scattering. Rather, we find that the decrease in light scattering upon addition of ATP to polymerized unphosphorylated NM2s correlates with the formation of dimers, tetramers, and hexamers, in addition to monomers, an increase in length, and decrease in width of the bare zones of RLC-unphosphorylated filaments. Both effects of ATP addition are reversed by phosphorylation of the RLC. Our data also suggest that, contrary to previous models, assembly of RLCphosphorylated NM2s at physiological ionic strength proceeds from folded monomers to folded antiparallel dimers, tetramers, and hexamers that unfold and polymerize into antiparallel filaments. This model could explain the dynamic relocalization of NM2 filaments in vivo by dephosphorylation of RLC-phosphorylated filaments, disassembly of the dephosphorylated filaments to folded monomers, dimers, and small oligomers, followed by diffusion of these species, and reassembly of filaments at the new location following rephosphorylation of the RLC.
nonmuscle myosin II | polymerization | ATP | light-chain phosphorylation C lass II myosins, the first of 37 known myosin classes (1, 2) to be discovered and originally thought to be specific for muscle, are now known to occur widely in nonmuscle cells in numerous species. Human nonmuscle cells express three different myosin 2 paralogs: nonmuscle myosins (NM) NM2A, NM2B, and NM2C. Like all class II myosins (3, 4) , NM2 monomers are hexapeptides of two identical heavy chains (HC), two essential light chains (ELC), and two regulatory light chains (RLC). The HCs of NM2A, NM2B, and NM2C are encoded by different genes, have 60-80% sequence similarity, and isoforms of each are derived from alternative splicing (4) .
Each HC has an N-terminal globular motor domain with an ATPase site and an actin-binding site, followed by a lever arm that binds one ELC and one RLC, and a long tail that homodimerizes to form a coiled-coil α-helix. The HC ends with a short C-terminal nonhelical tailpiece (5) . Like most class II myosins, NM2 monomers assemble into bipolar filaments by antiparallel association of their elongated coiled-coil helical tails. The filaments of NM2s are appreciably smaller than filaments of muscle myosins, with lengths of about 300 nm, consisting of ∼30 monomers for filaments of NM2A and NM2B and ∼14 monomers for filaments of NM2C (5) .
As described originally for smooth muscle myosin based on light-scattering data (6) (7) (8) , filaments of unphosphorylated NM2s in physiological buffer are thought to depolymerize extensively to monomers upon addition of ATP, and repolymerize upon kinasecatalyzed phosphorylation of the RLC (5, 9, 10) at Ser-19 or Ser-19 and Thr-18 (11) . A plausible explanation (12) of this phenomenon has been that NM2 filaments are in equilibrium with monomers, a mixed population of compact folded structures (10 S monomers, by analytical ultracentrifugation) that are unable to form filaments, and of extended structures (6 S monomers) that can polymerize. Addition of ATP to non-RLC phosphorylated myosin favors the folded monomer, in which the motor domains of the two HCs associate (13, 14) , and the helical tail folds back and interacts with the RLC (15) . Phosphorylation of the RLC inhibits both the interaction of the two motor domains (16, 17) , and the interaction between the motor domain and tail, thereby shifting the monomer equilibrium from folded to unfolded structures, and enhancing filament polymerization in the presence of ATP (12) .
This explanation requires that the concentrations of monomers in equilibrium with filaments of RLC-unphosphorylated NM2s be substantially higher in the presence of ATP than in the absence of ATP, but similar for RLC-phosphorylated NM2s in the presence and absence of ATP. To the best of our knowledge, the only report of the effect of ATP on the concentration of monomers in equilibrium with NM2 filaments used NM2s purified from bovine thymus and chicken intestinal brush border (18) .
Here we report the effects of ATP on the assembly of RLCunphosphorylated and RLC-phosphorylated recombinant mammalian NM2A, NM2B, and NM2C assayed by light scattering and sedimentation. We find that the minimum concentrations required for assembly of RLC-unphosphorylated and -phosphorylated NM2A, NM2B, and NM2C in the absence of ATP Significance Nonmuscle myosin II (NM2) filaments have essential roles in many cellular processes that require the dynamic relocation of filamentous myosin. We find that addition of ATP to polymerized regulatory light chain (RLC)-unphosphorylated NM2s in vitro results in the formation of dimers, tetramers, hexamers, and monomers, which is reversed by phosphorylation of the RLC. Our data suggest that assembly of NM2 filaments proceeds from folded monomers to folded antiparallel dimers, tetramers, and hexamers that unfold and polymerize into antiparallel filaments. This could explain the dynamic relocalization of NM2 filaments in vivo by dephosphorylation of RLC-phosphorylated filaments, disassembly of the dephosphorylated filaments to monomers, dimers, and small oligomers, diffusion of these species, and their reassembly into filaments at the new location following rephosphorylation of the RLC.
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are only ∼10% of the previously reported values for thymus and brush border myosins. Addition of 1 mM ATP to the polymerization buffer increases the myosin concentration required for polymerization of both RLC-phosphorylated and -unphosphorylated recombinant NM2s, and the difference between them is much too small to explain the substantially lower light scattering of polymerized unphosphorylated NM2s in ATP.
However, we find that addition of ATP to polymerized RLC-unphosphorylated NM2s, but not to polymerized RLCphosphorylated NM2s, results in the formation of substantial amounts of folded dimers, tetramers, and hexamers, which would explain the difference in light scattering of polymerized unphosphorylated and RLC-phosphorylated NM2s in the presence of ATP. In addition, we find that NM2 monomers, in buffer of physiological ionic strength, are in the folded conformation in both the presence and absence of ATP regardless of the status of RLC phosphorylation. These data suggest that filament assembly proceeds from folded monomers to folded antiparallel dimers, tetramers, and hexamers that unfold as they polymerize into filaments. The relocalization of NM2s in vivo could be explained by dephosphorylation of RLC-phosphorylated filaments, disassembly of RLC-dephosphorylated filaments to folded monomers, dimers, and small oligomers that relocate and reassemble in their new location after RLC-phosphorylation.
Results
The purity and composition of typical preparations of recombinant NM2A, NM2B, and NM2C before and after phosphorylation of their RLCs were documented by SDS/PAGE (Fig. 1) . The RLCs of the three expressed myosins were unphosphorylated (Fig. 1A ). After incubation with myosin light-chain kinase (MLCK), Ca
2+
, and calmodulin, ≈85% of the RLCs became singly phosphorylated and 15% were doubly phosphorylated (Fig. 1B) . Monomeric unphosphorylated NM2A in 600 mM NaCl, which was used as a control in some of the polymerization assays, was in an unfolded (5.4 S) conformation (Fig. 1C) .
Assembly of NM2s Monitored by Light Scattering. We monitored myosin assembly as a function of myosin concentration, in the absence and presence of 1 mM ATP, by the increase in light scattering compared with the light scattering of equal concentrations of monomeric myosin (Fig. 2) . For each of the three NM2s, the light-scattering intensity increased linearly with the total myosin concentration for both unphosphorylated and RLCphosphorylated myosin in both the presence and absence of ATP. The intercepts of the plots for myosins in assembly buffer with the plot for monomeric myosin identifies the minimal myosin concentration required to initiate association of monomers. This concentration was similar for unphosphorylated (3-10 nM) and RLC-phosphorylated (3-15 nM) myosins in the absence of ATP ( Fig. 2 and Table 1 ). Addition of 1 mM ATP to the buffer increased the minimal concentration of both unphosphorylated (51-78 nM) and RLC-phosphorylated (33-46 nM) myosins required to initiate monomer association ( Fig. 2 and Table 1) . Notably, however, addition of ATP to the buffer substantially reduced the slopes of the plots of light scattering vs. myosin concentration for the three RLC-unphosphorylated myosins (Fig. 2) . ATP had much less effect on the slopes of the plots for RLC-phosphorylated NM2s (Fig. 2) .
Addition of ATP to Polymerized Unphosphorylated NM2B. As previously reported by Scholey et al. (9) for purified thymus myosin, and by Billington et al. (5) for recombinant NM2B, addition of 1 mM ATP to RLC-unphosphorylated NM2B polymerized without ATP caused substantial decrease in light scattering that was largely reversed upon phosphorylation of the RLC by addition of MLCK, calmodulin, and Ca 2+ (Fig. 3A) . If the extensive decreases in light scattering upon addition of 1 mM ATP to 280 nM unphosphorylated NM2B were solely because of depolymerization of myosin filaments to monomers, the calculated concentrations of unpolymerized NM2B would increase from 7 nM to 198 nM (Fig. 3B) , substantially higher than the minimal monomer concentration of 51 nM required for assembly determined by light scattering (Fig. 2 and Table 1 ).
This apparent inconsistency can be explained by the fact the slope of the plot of light scattering vs. myosin concentration in 1 mM ATP for NM2B is only 0.38 of the slope in the absence of ATP (Fig. 2) . When corrected for these differences in light scattering per nanomole of polymerized myosin, the calculated concentration of polymerized NM2B after addition of ATP increases to 216 nM, and the calculated concentration of unpolymerized NM2B decreases to 52 nM (Fig. 3B) , the value determined by light scattering of NM2B in 1 mM ATP (Fig. 3) .
There are several possible explanations for the decrease in the slopes of light scattering of RLC-unphosphorylated myosins as a function of total myosin concentration upon addition of ATP: (i) an increase in the equilibrium concentration of monomeric myosin with increasing concentrations of total myosin (19) ; (ii) a difference in size of nonmonomeric myosins that reduces the light scattering of equal concentrations of the nonmonomeric myosin-light scattering intensity is proportional to the molecular size and weight concentration of the protein (20) ; and (iii) possibly a different radial distribution of myosin heads in otherwise unaltered bipolar filaments, which would be difficult to quantify.
Assembly of RLC-Unphosphorylated NM2s Determined by Sedimentation.
To determine the concentrations of nonmonomeric myosin at different total myosin concentrations with or without 1 mM ATP, the nonmonomeric and monomeric NM2s were separated by centrifugation at 400,000 × g for 20 min. As shown in Fig. 4 , the slopes of the plots of pelleted myosins as a function of total myosin concentration plus and minus ATP are much more similar to each other (almost parallel) in Fig. 4 than the light scattering slopes for RLC-unphosphorylated NM2s in Fig. 2 . The decreases in slopes in the presence of ATP in Fig. 4 are much too small to explain the large ATP-induced decreases in the slopes of light scattering as a function of myosin concentration in Fig. 2 .
Moreover, the concentrations of RLC-unphosphorylated NM2A, NM2B, and NM2C required to initiate monomer association determined by sedimentation, in both the presence and absence of ATP, are very similar to the values determined by light scattering (Table 1) . Thus, the difference in light scattering of RLCunphosphorylated NM2s polymerized in the presence and absence of ATP ( Fig. 2) is mostly a result of differences in light scattering of equal concentrations of assembled myosin in the presence and absence of ATP. The difference would be the size of the assembled myosin structures with there being mostly small oligomers in the presence of ATP.
Analytical Ultracentrifugation Analysis of RLC-Unphosphorylated NM2B. NM2B (260 nM) was incubated overnight on ice in 10 mM Mops (pH 7.0), 150 mM NaCl, 2 mM MgCl 2 , and 1 mM ATP, or in 10 mM Mops, 185 mM NaCl, 2 mM MgCl 2 , and no ATP. The higher concentration of NaCl (185 nM rather than 150 nM) in the absence of ATP was necessary to prevent aggregation of the myosin filaments polymerized in the absence of ATP, and did not significantly affect the concentration of nonfilamentous myosin. After incubation, the myosin was crosslinked, by incubation with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) for 30 min, to prevent dissociation of assembled myosins during analytical centrifugation. The oligomeric state of the myosin was not affected by crosslinking, as shown by the minimal change in light scattering after prolonged incubation with EDC (Fig. 5C ).
Centrifugation was monitored by both interference (Fig. 5A ) and absorbance at 295 nm (Fig. 5B) . By interference analysis, the sample containing 1 mM ATP showed a minor peak at 11 S (10% of sample), a major peak at 16.7 S (46% of sample), and a The minimal concentrations required for assembly of unphosphorylated and RLC-phosphorylated NM2A, NM2B, and NM2C with and without 1 mM ATP determined by light scattering. Myosins were incubated overnight on ice in 150 mM NaCl, 10 mM Mops (pH 7.0), 2 mM MgCl 2 , 0.1 mM EGTA, and 1 mM DTT with or without 1 mM ATP. Only 1.6%, 0.8%, and 2.3% of the ATP was hydrolyzed by NM2A, NM2B, and NM2C, respectively. Myosin monomer was prepared by centrifugation of myosin in buffer containing 600 mM NaCl at 300,000 × g for 15 min. The minimal myosin concentrations required for assembly are the intercepts of the light-scattering plots of the assembled myosins with the lightscattering plot of unphosphorylated monomer. Light-scattering data were plotted by SigmaPlot. Plots 2A, 2B, and 2C are unphosphorylated NM2A, NM2B, and NM2C, respectively; plots p2A, p2B, and p2C are RLC-phosphorylated NM2A, NM2B, and NM2C, respectively. Data are the averages of two assays. moderate peak at 20.5-24.7 S (22% of sample); 22% of the sample was larger than 30 S. The latter result agrees with the 20% of sample that was pelleted after centrifugation at 20,000 rpm (29,000 × g) for 1 h. The corresponding peaks measured by absorbance accounted for 6%, 42%, 22%, and 30% of the total sample. By analogy to smooth muscle myosin (7, 21) , the 11 S peak would be folded monomers, the 16.7 S peak a mixture of dimers and tetramers, and the ∼20.5-24.7 S peak larger oligomers, but smaller than filaments. Thus, 70-80% of the myosin was nonfilamentous in buffer containing 1 mM ATP, of which 85-90% was dimers, tetramers, and small oligomers.
In marked contrast, the sample incubated without ATP showed no evidence, as measured by absorbance at 295 nm (Fig.  5B ), for dimers, tetramers, or larger oligomers, but just a broad range of filaments between 30 S and 150 S (89% of sample), and 11% of sample with S values greater than 150 S. By interference optics (Fig. 5A) , the sample incubated without ATP showed a small peak at 11 S, and a broad peak ranging from ∼30 S to ∼150 S. Neither sample showed a peak at 6 S, which would be indicative of extended monomers. Thus, the analytical ultracentrifuge data indicate that the most likely cause of the difference in light scattering of RLC-unphosphorylated NM2s assembled in the presence and absence of ATP was the high percentage of small oligomers formed in the presence of ATP.
Electron Microscopy. In agreement with the quantitative analytical ultracentrifugation data, negative-staining electron microscopy of RLC-unphosphorylated NM2B polymerized in 1 mM ATP (Fig. 6 ), and then cross-linked, showed, in addition to a relatively small number of filaments, multiple images of folded monomers (but no extended monomers), and folded and partially extended bipolar dimers, tetramers, and hexamers (Fig. 7) .
Electron microscopy of RLC-phosphorylated NM2B polymerized in the absence (Fig. 8A) and presence (Fig. 8B ) of 1 mM ATP, and then cross-linked, showed, in addition to multiple bipolar filaments ( Fig. 9 and Table 2 ), very small amounts of folded monomers, and folded and partially extended bipolar dimers, tetramers, and hexamers. Notably, extended monomers were not detected in samples of RLC-phosphorylated NM2B polymerized in either the absence or presence of ATP.
The lengths of the filaments of RLC-phosphorylated and -unphosphorylated NM2A, NM2B, and NM2C were similar and essentially unaffected by the presence of 1 mM ATP in the polymerization buffer ( Fig. 9 and Table 2 ). As reported by Billington et al. (5), the lengths and widths of the bare zones of filaments of RLC-unphosphorylated NM2A and NM2B were similar to each other when polymerized in the absence of ATP. However, addition of 1 mM ATP to the polymerization buffer caused a 40-55% increase in bare-zone length and a 20-25% The minimal concentrations for assembly of NM2A, NM2B, and NM2C were determined by light scattering (Fig. 2) and sedimentation (Fig. 4) under conditions described in the figure legends. Fig. 3 . The effect of ATP addition and RLC-phosphorylation on the light scattering of assembled NM2B. (A) Assembly at 20°C of 280 nM NM2B in 125 μL of 150 mM NaCl, 10 mM Mops (pH 7.0), 2 mM MgCl 2 , and 1 mM DTT was initiated at time 0. At 2,500 s (first arrow), 1.3 μL of 100 mM ATP (final concentration 1 mM) was added, followed at 4,000 s (second arrow) by addition of 3.5 μL of a solution containing CaCl 2 , calmodulin, and MLCK at final concentrations of 0.2, 50, and 10 nM, respectively. Zero light scattering is the light scattering of buffer alone. (B) Concentration of assembled myosin calculated from the lightscattering data in A. The first column is the concentration of assembled NM2B in the absence of ATP calculated by subtracting the monomer concentrations of nonpolymerized NM2B (7 nM) ( Table 2 ) from the total myosin concentration (280 nM). The next two columns are the filament concentrations after addition of ATP (column 2) and kinase (column 3) calculated from the light scattering relative to column 1. The fourth and fifth columns are the filament concentrations after addition of kinase calculated from the light scattering relative to column 1 after correction for the differences in slopes in Fig. 2 of light scattering as a function of myosin concentration for NM2B in ATP (0.38) and pNM2B in ATP (0.87) relative to the slope for NM2B alone. The number shown at the top of each column is the monomer concentration calculated by subtracting the calculated filament concentration from the total myosin concentration, 280 nM.
decrease in bare zone width of the filaments of RLCunphosphorylated NM2A and NM2B (Fig. 9 and Table 2 ), suggesting that filaments polymerized in the presence of ATP contain fewer myosin molecules.
The length and width of the bare zones of filaments of RLCphosphorylated NM2A and NM2B (pNM2A, pNM2B) polymerized in the absence of ATP were not significantly different from the bare zones of RLC-unphosphorylated NM2A and NM2B filaments (Fig. 9 and Table 2 ). However, in contrast to unphosphorylated NM2A and NM2B filaments, the bare-zone lengths of pNM2A and pNM2B filaments were not increased, and their bare-zone widths were reduced by only ∼10% when polymerized with ATP ( Fig. 9 and Table 2 ).
When polymerized in the absence of ATP, the bare zones of NM2C and pNM2C filaments were ∼25-40% longer, and their widths about 25% shorter, than the bare zones of both RLCphosphorylated and -unphosphorylated NM2A and NM2B filaments ( Fig. 9 and Table 2 ). However, in contrast to the large increase in length and the decrease in width of the bare zones of RLC-unphosphorylated NM2A and NM2B filaments in ATP, polymerization of NM2C in ATP had minimal effect (∼7%) on the length of the bare zones of RLC-unphosphorylated and -phosphorylated NM2C, but polymerization in ATP did reduce the width of the bare zones of filaments of RLC-unphosphorylated and -phosphorylated NM2C by 34% and 8%, respectively ( Fig. 9 and Table 2 ), similar to the effect of ATP on the polymerization of RLC-unphosphorylated and -phosphorylated NM2A and NM2B.
Discussion
This paper presents data for the minimal monomer concentrations required for the assembly of RLC-unphosphorylated and -phosphorylated NM2A, NM2B, and NM2C in both the absence and presence of ATP. We found that phosphorylation of the RLC does not have a significant effect on the monomer concentration required for assembly of the three recombinant NM2s in the absence of ATP, and that phosphorylation of RLC causes only minor reductions of the monomer concentrations required for assembly in the presence of 1 mM ATP. These differences are much too small to explain the 35-75% decrease in light scattering upon addition of 1 mM ATP to NM2s, and the recovery of light scattering upon phosphorylation of the RLC. Rather, quantitative analytical ultracentrifugation, supported by electron microscopy, demonstrated that, in the presence of ATP, a substantial fraction of RLCunphosphorylated NM2s-but very little RLC-phosphorylated NM2s-forms dimers, tetramers, hexamers, and other small oligomers. This differential effect of ATP on the assembly of RLCunphosphorylated and -phosphorylated myosins is the principal cause of the decrease in light scattering when ATP is added to unphosphorylated NM2, and the recovery of light scattering upon phosphorylation of the RLC. Addition of 1 mM ATP to RLCunphosphorylated NM2s also caused as much as a 55% increase in the length of the filament bare zones and up to a 35% reduction in bare-zone width, indicative of the formation of filaments with fewer molecules, which may contribute to the ATP-induced decrease in light scattering (20) .
The myosin concentrations required for assembly of the RLCunphosphorylated NM2s in the absence of ATP, ∼3-10 nM, are similar to the values of 14 nM reported for Dictyostelium myosin II (22) and ∼5 nM for Acanthamoeba myosin II (23), but only ∼10% of the values previously determined for NM2s purified from thymus and brush border (18) . The differences between our data for the three recombinant NM2s and the data for thymus and brush border NM2s are most likely because the earlier values were for the myosin remaining in the supernatant after centrifugation of polymerized myosins at ∼100,000 × g for 20 min, whereas we find it requires centrifugation at ∼400,000 × g for 20 min to sediment the dimers, tetramers, and hexamers that form under polymerization conditions. Fig. 4 . The concentrations of assembled RLC-unphosphorylated NM2s in the presence and absence of 1 mM ATP as a function of total myosin concentration determined by centrifugation. Myosins were incubated overnight on ice in 150 mM NaCl, 10 mM Mops (pH 7.0), 2 mM MgCl 2 , 0.1 mM EGTA, and 1 mM DTT with or without 1 mM ATP, and centrifuged for 20 min at 400,000 × g to separate assembled (pellet) and monomeric (supernatant) myosins. The concentration of assembled myosin was determined by quantitative analysis of the pellet by Coomassie blue-stained SDS/PAGE gels. The minimal concentrations required for myosin assembly are the intercepts of the plots with the abscissas.
Pollard's group investigated the pathway of polymerization of Acanthamoeba myosin II, demonstrating that extended monomers and extended antiparallel dimers are the basic assembly units for that myosin II (23) (24) (25) (26) . We now find that, like smooth muscle myosin (27) , NM2 monomers are in a folded 10 S structure at physiological ionic strength (150 mM NaCl) irrespective of the status of RLC phosphorylation or the presence of ATP. From the electron microscopic images at steady state, we infer that polymerization is initiated by folded 10 S monomers forming folded antiparallel dimers that then either unfold to . Analytical ultracentrifugation of RLC-unphosphorylated NM2B after assembly overnight on ice in the presence and absence of 1 mM ATP. Samples were cross-linked with 1 mM EDC to inhibit disassembly, and centrifuged in a Beckman Optima XL-I analytical ultracentrifuge at 20°C. The sample with ATP was centrifuged for 1 h at 20,000 rpm (29,000 × g) followed by centrifugation for 1 h at 50,000 rpm (∼182,000 × g); the sample wthout ATP was centrifuged at 15,000 rpm (∼16,000 × g) for 2 h. Peaks were detected by both interference (A) and absorbance at 295 nm, to minimize the contribution from ATP (B), and plotted vs. sedimentation coefficient. As shown by light scattering (C), crosslinking had minimal, if any, effect on the polymerization status of the myosin. form extended bipolar dimers that assemble into filaments, or form folded tetramers and hexamers that unfold and assemble into higher structures (Fig. 10) . We speculate that intermolecular interactions within the tail region may be the driving force for opening the folded dimers and higher oligomers. RLC phosphorylation, which is insufficient to unfold 10 S monomers at physiological ionic strength in vitro, may weaken the interaction between the RLC and the folded tail, and thus enhance opening of folded structures (dimers, tetramers, and hexamers) and facilitate polymerization to filaments in the presence of ATP, which will always be present in vivo.
How much of the nonmuscle myosin II in a cell might be in the folded monomer or oligomer conformation? Several studies have assessed the polymerization state of NM2 in cells using a myosin solubility assay wherein cells are lysed with Triton X-100, and the lysate subjected to sedimentation followed by quantitative measurements of the amount of myosin in the supernatants and pellets (28) (29) (30) . Those assays typically show that 40-70% of the NM2 remains associated with the Triton-insoluble cytoskeleton, and that modifications of NM2s that might be expected to disrupt or destabilize the folded monomer conformation result in a larger fraction of the myosin in the cytoskeleton. However, those studies typically centrifuged the Triton lysate at only 7,000-20,000 × g, which is unlikely to sediment myosin filaments that are not bound to the cytoskeleton; we have observed filaments of recombinant NM2A in the supernatant after centrifugation at 200,000 × g for 15 min. Therefore, it is not clear what myosin structures are measured in such experiments.
Interpretation of the polymerization status of NM2s in cells is further complicated by several other factors. First, the large actin network associated with the cytoskeleton might bind nonfilamentous myosins. Second, the cytoplasm undergoes considerable dilution upon cell lysis, which is likely to disassemble myosin filaments. Third, the phosphorylation status of the myosin HCs or myosin binding proteins, which affect the polymerization status of NM2s (31), was usually not controlled in those experiments. For these reasons, it is uncertain that the filamentous status of myosins in nonmuscle cells has been appropriately determined using cell lysis methods.
Recent research, using superresolution light-microscopic imaging of living cells by which individual myosin filaments could be discerned, have shown that myosin filaments are very dynamic (32) (33) (34) . Myosins tagged with fluorescent fusion proteins were imaged as closely spaced "dumbbells" corresponding to the ∼300-nm-long bipolar filaments assembled in vitro. The early stages of myosin filament assembly in vivo were observed as dim punctates in the lamellae of cells near their leading edge. These punctates grew brighter as they appeared to be carried away from the cell periphery by retrograde actin flow. At times, the punctates split into two parts, which then each subsequently grew brighter, presumably as more monomeric myosin added to the filaments (32, 33) .
Further evidence of filament dynamicity was shown in an experiment in which NM2A with a photo-convertible tag was transfected into U2OS cells (35) . The myosin in a small rectangle of the cell was photo-converted from green to red, and within 1 min red myosin began to coassemble with existing green myosin filaments as far away as 15 μm. The individual myosin filaments that remained in the photo-converted area did not undergo longrange motion, which is consistent with the slow rate at which Fig. 7 . Negative-staining electron microscopy at higher resolution of representative small oligomers of RLC-unphosphorylated NM2B assembled in the presence of ATP. Unphosphorylated NM2B, 250 nM, was assembled overnight on ice in 150 mM NaCl, 10 mM Mops, pH 7.0, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, and 1 mM ATP. Samples were then covalently cross-linked with EDC to inhibit disassembly, diluted to 30 nM, and 4 μL were applied to a carbon-coated grid, stained with 1% uranyl acetate, and imaged on a JEOL 200EX II electron microscope. The first row shows four folded monomers (M1-M4); the second row shows one folded dimer (D1), two partially extended dimers (D2 and D3), and a nearly fully extended dimer (D4); the third row shows two associating folded dimers (T1), one folded tetramer (T2), and two partially extended tetramers (T3 and T4); the fourth row shows two partially extended hexamers (H1 and H2), and one almost fully extended hexamer (H3). (Scale bar, 100 nm.) Fig. 8 . Negative-staining electron microscopy of representative small oligomers of RLC-phosphorylated NM2B assembled with and without ATP. RLCphosphorylated NM2B, 250 nM, was assembled overnight on ice in 150 mM NaCl, 10 mM Mops, pH 7.0, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, with and without 1 mM ATP. Samples were then covalently cross-linked with glutaraldehyde to inhibit disassembly, diluted to 20 nM, and 4 μL were applied to a carboncoated grid, stained with 1% uranyl acetate, and imaged on a JEOL 200EX II electron microscope. NM2A translocates actin filaments in vitro, ∼200 nm/s (36); it would not be possible for myosin filaments to move that distance over such a short time using its own motor activity. It is also unlikely that filaments containing much less than the typical 30 myosin molecules of NM2B filaments would constitute a functional unit. Based on the experimentally determined duty ratio for NM2B subfragment-1, it has been proposed (37, 38) that about 10 myosin heads would have to be in position to bind actin filaments to ensure processivity of the NM2B filament. Because NM2B filaments are bipolar, this implies that filaments containing fewer than 10-12 myosin molecules might not be functional in cells. NM2A has even a lower duty ratio and is thus likely to be even less processive as filaments (39) . These data strongly suggest that NM2 filaments are in dynamic equilibrium with monomers, dimers, or small oligomers that rapidly diffuse without extensive interaction with the actin network.
The localizations of NM2 filaments do change dramatically when cells undergo mitosis, change direction of migration, or are challenged with external stimuli, such as growth factors or drugs that affect myosin phosphorylation (4) . A recent study (33) suggests that there is a limited pool of NM2s in cells, that the two major light-chain kinases, MLCK and ROCK, are differentially localized and compete for this pool, and that inhibition of either of these kinases results in overaccumulation of myosin in the vicinity of the other kinase.
It has been suggested that a dynamic equilibrium between myosin filaments and monomers could be a mechanism that allows cells to alter the localization of NM2 filaments (12, 30) . However, with the reasonable assumption that the NM2 concentration in a typical mammalian cell is in the micromolar range, it seems unlikely that the ≤50 nM differences in the monomer concentration in equilibrium with assembled RLC-unphosphorylated NM2s and RLC-phosphorylated NM2s that we describe in the present paper would per se have a significant effect on the filament concentration or cellular distribution of the myosins. However, if dephosphorylation of their RLCs leads NM2s to disassemble to multiple folded oligomers in vivo, as we now show it does in vitro, dephosphorylation could be the mechanism for rapid disassembly of filamentous NM2 to oligomers, relocalization of diffusible oligomeric NM2s, and rapid reassembly of filaments in the new location after rephosphorylation of the RLCs.
Materials and Methods
Cloning of cDNAs. The cDNAs of NM2A HC (Homo sapiens myosin heavy chain 9), NM2B HC (H. sapiens myosin heavy chain 10 transcript variant 2), and mouse NM2C HC (Mus musculus myosin heavy chain 14 transcript variant 1) were cloned onto pFastbac, the Bac-to-Bac plasmid for expression in Sf-9 cells (Invitrogen). A FLAG tag (DYKDDDDK) was added to the N termini of the HCs for facilitation of purification of the recombinant myosins. The cDNAs of NM2 RLC (H. sapiens nonmuscle myosin II, sequence ID:NP_291024.1) and ELC (M. musculus nonmuscle myosin II, sequence ID:NP_034990.1) were cloned onto pFastbac for expression in Sf-9 cells.
Expression and Purification of Proteins. The baculoviruses for expressing HCs and LCs were constructed according to the company's product manual (Invitrogen). Recombinant full-length myosins were produced by coexpression of the HC and two LC baculoviruses in Sf-9 cells. The recombinant NM2s were purified as described by Liu et al. (40) using anti-FLAG resin (Sigma-Aldrich) affinity chromatography. Briefly, cells were harvested 72 h postinfection and washed in 10 mM Tris, pH 7.5. The cells were ruptured in a French press in buffer containing 200 mM NaCl, 10 mM Mops, pH 7.0, 1 mM DTT, 0.1 mM EGTA, 2 mM MgCl 2, 1 mM ATP, 0.1 mM PMSF, and one protease inhibitor mixture tablet (Roche) per 100 mL The lysates were cleared by centrifugation at 125,000 × g at 4°C for 1 h in a Beckman L8-M centrifuge. The supernatants were mixed with pre-equilibrated anti-FLAG resin (SigmaAldrich), and the resin was then washed with 600 mM NaCl, 10 mM Mops, pH 7.0, 1 mM DTT, and eluted with the same buffer containing 0.1 mg/mL FLAG peptide (Sigma-Aldrich). The purified myosins were dialyzed against buffer (10 mM Mops, pH 7.0, 600 mM NaCl and 1 mM DTT) to remove the FLAG peptides, and aliquoted and stored in liquid nitrogen until used.
Preparation of Calmodulin and Myosin II RLC Kinase. Rat calmodulin was expressed and purified from Escherichia coli. FLAG-tagged rabbit smooth muscle MLCK (NP_001075775) was expressed using Baculovirus and purified from Sf-9 cells.
Phosphorylation of Myosins. Phosphorylation of the RLC was performed as described previously (5) . The reaction mixture contained ∼1.0 μM myosin and ∼10 nM MLCK in 150 mM NaCl, 10 mm Mops, pH 7.0, 2 mM MgCl 2 , 1 mM ATP, 0.2 mM CaCl 2 , 1 mM DTT, and 50 nM calmodulin. After phosphorylation, the myosin was dialyzed overnight at 4°C against 1 L of buffer containing 10 mM Mops, pH 7.0, 50 mM NaCl, 5 mM MgCl 2 , and 1 mM DTT. The phosphorylated myosin was pelleted by centrifugation of the dialyzed sample in a Beckman TL-100 centrifuge at 4°C. The pellet and centrifuge tube were washed with the dialysis buffer minus MgCl 2 , and the washed pellet was dissolved in 600 mM NaCl, 10 mM Mops, pH 7.0, and 1 mM DTT. Samples were aliquoted and kept in liquid N 2 until used.
Electrophoresis. Urea-glycerol PAGE was performed according to a modified method as described previously (41) . SDS/PAGE was performed by standard procedures on 10% NuPAGE gels (Invitrogen).
Protein Concentration Assay. Protein concentrations were determined using the Bradford reagent (Bio-Rad) with purified myosin as standard. The Fig. 9 . Negative-staining electron microscopy of single representative filaments of RLC-unphosphorylated and -phosphorylated NM2s assembled in the presence and absence of 1 mM ATP. Experimental conditions were the same as in Fig. 7 . Samples 2A, 2B, and 2C, and p2A, p2B, and p2C are unphosphorylated and phosphorylated NM2A, NM2B, and NM2C, respectively. Filament widths and lengths (Table 2) Light-Scattering Assay of Myosin Assembly. Myosin samples in 600 mM NaCl were cleared by centrifugation at 300,000 × g for 15 min at 4°C in a Beckman TL-100 centrifuge before use. Myosins were polymerized overnight on ice after dilution with appropriate buffers, as described in the figure legends. The samples were warmed to room temperature for 30 min and light scattering was measured at 20°C in a PTI fluorimeter. Excitation was performed at 365 nm (slit width 0.5 nm) and detected at 365 nm (slit width 0.5 nm).
ATP Hydrolysis. Non-RLC-phosphorylated NM2A, NMB, and NM2C (260 nM) were individually polymerized overnight at 4°C in 10 mM Mops (pH 7.0), 150 mM NaCl, 0.1 mM EGTA, 1 mM DTT, 2 mM MgCl 2 , and 1 mM [γ-
32 P]ATP, and then for 30 min at room temperature. The production of 32 Pi was determined as described previously (42) .
Sedimentation Assay of Myosin Assembly. Before use, myosin samples in 600 mM NaCl were cleared by centrifugation at 300,000 × g at 4°C for 15 min in a Beckman TL-100 centrifuge. Myosins were polymerized overnight on ice by diluting with the buffers identified in the figure legends. The total volume for each assay was 100 μL, and samples were centrifuged for 20 min at 4°C in a Beckman TL 150 centrifuge at 400,000 × g to separate assembled myosin from monomeric myosin. Under these conditions, which were necessary to sediment the small oligomers formed when RLC-unphosphorylated myosins were assembled in the presence of ATP, 50% of monomeric myosin pelleted. Therefore, in analyzing the polymerization data (Fig. 3) , the concentration of monomeric myosin was estimated as twice the myosin concentration in the supernatant, and the myosin concentration in the supernatant was subtracted from the myosin concentration in the pellet to estimate the concentration of assembled myosin. The pellets were suspended in 115 μL of SDS sample buffer, 15 μL of 2 × SDS buffer were added to the supernatants, and the supernatants and pellets were analyzed by SDS/ PAGE, the gels stained with Coomassie blue, and protein bands quantified with an Odyssey infrared imaging system (LI-COR Biosciences).
Sedimentation Velocity Analytical Ultracentrifugation. Purified monomeric NM2B was dialyzed extensively against 10 mM Mops, pH 7.0, 600 mM NaCl and 1 mM DTT, and then polymerized overnight on ice 10 mM Mops, pH 7.0, and 2 mM MgCl 2 containing either 150 mM NaCl and 1 mM ATP, or 180 mM NaCl without ATP. The assembled myosins were cross-linked by incubation with EDC at room temperature for 30 min to prevent pressure-induced disassembly (43, 44) . Samples of cross-linked NM2B (260 nM) were loaded into double-sector analytical ultracentrifugation cells that were placed in the four-hole rotor, and equilibrated thermally in the Beckman Optima XL-I analytical ultracentrifuge and thermally equilibrated at 20°C. The samples assembled in the absence of ATP was centrifuged at 15,000 rpm (∼16,000 × g). Samples containing ATP were analyzed by the gravtional sweep method (45) , and centrifuged initially for 1 h at 20,000 rpm (∼29,000 × g), immediately followed by centrifugation at 50,000 rpm (∼182,000 × g). Interference (refractive index) and 295-nm absorbance scans were started immediately, and were collected until no further sedimentation boundary movement was observed. The sedimentation data were analyzed by Lamm equation modeling using the SEDFIT software (46) . The logarithmically spaced c(S) grid was 295.8 ± 33.1 (n = 16) (301 ± 24)* 167.9 ± 29.7 (n = 30) (167 ± 19)* 11.4 ± 1.5 (n = 46) (11.2 ± 2.4)* NM2A + ATP 284.5 ± 34.0 (n = 22) 231.1 ± 18.9 (n = 20) 8.9 ± 1.8 (n = 50) pNM2A 277.5 ± 23.8 (n = 29) 149.4 ± 18.8 (n = 28) 10.6 ± 1.3 (n = 90) pNM2A + ATP 273.8 ± 14.5 (n = 13) 151.1 ± 15.2 (n = 22) 9.6 ± 1.1 (n = 25) NM2B 301.8 ± 25.6 (n = 46) (323 ± 24)* 151.2 ± 18.6 (n = 78) (166 ± 16)* 12.6 ± 1.7 (n = 80) (11.5 ± 2.3)* NM2B + ATP 283.8 ± 34 (n = 36) 235.7 ± 29.5 (n = 36) 9.5 ± 2.0 (n = 91) pNM2B 295.1 ± 24.3 (n = 15) 133.2 ± 31.5 (n = 23) 11.0 ± 1.5 (n = 27) pNM2B + ATP 287.0 ± 19.3 (n = 41) 137.1 ± 21.2 (n = 18) 9.9 ± 2.1 (n = 65) NM2C
289.0 ± 35.2 (n = 84) (293 ± 33)* 214 ± 16.4 (n = 100) (219 ± 30)* 8.3 ± 1.6 (n = 56) (7.9 ± 2.1)* NM2C + ATP 280.4 ± 21.8 (n = 46) 228.6 ± 16.5 (n = 46) 5.5 ± 1.1 (n = 90) pNM2C 300.0 ± 16.7 (n = 131) 212.4 ± 35 (n = 97) 8.4 ± 1.6 (n = 173) pNM2C + ATP 294.6 ± 18.7 (n = 66) 217.6 ± 22.2 (n = 23) 7.7 ± 1.3 (n = 93)
The data were obtained from electron microscopic images of 15-173 negatively stained filaments, such as those shown in Fig. 9 . Measurements were made using MetaMorph software. *From Billington et al. (5) . Fig. 10 . Proposed assembly pathway of NM2s in 150 mM NaCl both with and without ATP. Based on the images shown in Figs. 6-8 , we propose that, irrespective of the presence or absence of ATP or the status of RLC-phosphorylation, folded monomers form folded dimers and folded tetramers that unfold and associate into filaments. Phosphorylation of the RLC facilitates unfolding.
used to fit the wide sedimentation coefficients range, and the final sedimentation distribution coefficients c(S) had rmsds comparable with the noise of the detection system of the centrifuge.
Electron Microscopy. Protein samples were cleared before use by centrifugation at 300,000 × g for 15 min at 4°C in a Beckman TL-100 centrifuge. Myosins (except for RLC-unphosphorylated myosins + ATP) were polymerized at a concentration of 250 nM in 10 mM Mops, pH 7.0, 150 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, and 0.1 mM EGTA with or without 1 mM ATP. Samples were diluted to the concentrations in the figure legends, and 4 μL applied to a UV light pretreated carbon-coated copper grid and stained with 1% uranyl acetate. For assembly of RLC-unphosphorylated NM2A, NM2B, and NM2C in the presence of ATP, the myosin concentration was about 500 nM and the samples were diluted as stated in the figure legends before being applied to the grid. To observe small oligomers in equilibrium with unphosphorylated NM2A and NM2B, samples were first cross-linked with EDC, as described for analytical ultracentrifugation, or by incubation for 1 min with 0.1% glutaraldehyde in assembly buffer at room temperature, and diluted to 20 nM before applying to the grid. Micrographs were recorded on a JEOL 1200EX II microscope at room temperature. Filament widths and lengths were determined with Metamorph software.
